Several dinoflagellate species have plastids that more closely resemble those of an unrelated algal group, the haptophytes, suggesting these plastids have been obtained by tertiary endosymbiosis. Because both groups are photosynthetic, all of the genes for nuclear-encoded plastid proteins might be supplied by the dinoflagellate host or some of them might have been replaced by haptophyte genes. Sequences of the conserved nuclear psbO gene were obtained from the haptophyte Isochrysis galbana, the peridinin-containing dinoflagellate Heterocapsa triquetra, and the 19hexanoyloxy-fucoxanthin-containing dinoflagellate Karenia brevis. Phylogenetic analysis of the oxygen-evolving-enhancer (PsbO) proteins confirmed that in K. brevis the original peridinintype plastid was replaced by that of a haptophyte, an alga which had previously acquired a red algal chloroplast by secondary endosymbiosis. It showed clearly that during this tertiary symbiogenesis the original psbO gene in the dinoflagellate nucleus was replaced by a psbO gene from the haptophyte nucleus. The phylogenetic analysis also confirmed that the origin of the peridinin-type dinoflagellate plastid was indeed a red alga.
D
inoflagellates are enigmatic protists. About half of them are nonphotosynthetic and the other half have some sort of plastid and rely entirely or partially on photosynthesis. Most photosynthetic dinoflagellates have plastids that are surrounded by three membranes and contain chlorophylls (Chl)-a and -c and peridinin as the major photosynthetic pigments. However, a small fraction of the photosynthetic species has plastids that do not contain peridinin but have pigment compositions characteristic of other algal groups (1) (2) (3) (4) . These anomalously pigmented plastids are considered to have been acquired from other algal groups by means of secondary (4) or tertiary endosymbioses (5, 6) .
Among the anomalously pigmented dinoflagellates, there is a monophyletic group that consists of species containing 19Ј-hexanoyloxy-fucoxanthin and͞or 19Ј-butanoyloxy-fucoxanthin instead of peridinin (7) . This group includes Karenia brevis ( ϭ Gymnodinium breve), Karenia mikimotoi ( ϭ Gymnodinium mikimotoi), Karlodinium micrum ( ϭ Gymnodinium galatheanum), and a few others (7) . Because these two carotenoids are otherwise found only in haptophytes, it has been suggested that these plastids came from a haptophyte alga (2) . This suggestion was supported by two molecular phylogenetic analyses of plastid small-subunit rRNA genes (6, 8) , although no peridinincontaining species was included. These anomalous dinoflagellates also resemble haptophytes in containing a plastid-encoded form-I rubisco (9) , in contrast to the nuclear-encoded form-II rubisco of peridinin-containing dinoflagellates (10) . In contrast, nuclear gene phylogenies with large-and small-subunit rRNA sequences put all of the 19Ј-hexanoyloxy-fucoxanthin-containing species in a single clade within the peridinin-containing dinoflagellate lineage (7, 11) . These observations suggest that the common ancestor of the 19Ј-hexanoyloxy-fucoxanthincontaining species had a peridinin-type plastid but lost it and acquired a new one by engulfing a haptophyte alga (6, 11) . The engulfed haptophyte was itself a secondary-endosymbiosisderived alga, making this a tertiary endosymbiosis.
If this is so, it raises a question about the fate of nuclearencoded genes for plastid proteins, because both host and symbiont would have had many genes for proteins that are synthesized on cytoplasmic ribosomes and targeted to the plastids. If the dinoflagellate host lost its original plastid a relatively short time before acquiring the haptophyte endosymbiont (or even after), it would have retained many of these genes, and their products might have been imported successfully into the new haptophyte plastid. On the other hand, genes that had been lost or whose products were incompatible with the new plastid would have to have been replaced by genes transferred from the haptophyte endosymbiont as its nucleus disintegrated.
PsbO (also called OEC33 or 33-kDa oxygen-enhancer 1 protein) is one of those nuclear-encoded plastid proteins. It is localized in the thylakoid lumen and serves to protect the tetra-manganese cluster and ionic environment, which are essential for the water-splitting reaction of photosystem II (12, 13) . Although this protein has never been used for phylogenetic analysis, it has some qualities that make it a good candidate for elucidating the evolutionary relationship among plastids. It is unique to cyanobacteria and plastids that carry out oxygenic photosynthesis, therefore its phylogeny should represent that of photosynthetic organisms. The psbO gene is nuclear-encoded in all photosynthetic eukaryotes (14) , thus its evolution should not have been influenced by the difference in evolutionary rates between nuclear and plastid genomes (15) . It is a very conserved protein that makes it suitable for studying relationships over large evolutionary distances. In fact, the PsbO proteins of cyanobacteria, red algae, and green plants can be successfully reconstituted with each others' photosystem II cores (16) .
Only PsbO sequences from cyanobacteria and Chl-a͞b-containing organisms (''green line'') are available in the databases. In this article, we report previously uncharacterized PsbO sequences from haptophytes, peridinin-containing dinoflagellates, and 19Јhexanoyloxy-fucoxanthin-containing dinoflagelThis paper was submitted directly (Track II) to the PNAS office.
Abbreviations: ER, endoplasmic reticulum; STD, stroma-targeting domain; TTD, thylakoidtargeting domain; RACE, rapid amplification of cDNA ends; Chl, chlorophyll.
Data deposition: The sequences reported in this paper have been deposited in the GenBank database (accession nos. AY116667-AY116669).
lates. Analysis of targeting sequences as well as phylogenetic analysis of PsbO protein sequences gives new insights into the origin of peridinin-type dinoflagellate plastids, and the fate of the psbO genes of both host and endosymbiont during the tertiary endosymbiotic replacement of the plastid in 19Јhexanoy-loxy-fucoxanthin-containing dinoflagellates.
Materials and Methods
Algal Cultures. Unialgal cultures of a haptophyte, Isochrysis galbana (CCMP1323), and a 19Ј-hexanoyloxy-fucoxanthincontaining dinoflagellate, K. brevis (syn. G. breve) (CCMP718) were obtained from the National Center for Culture of Marine Phytoplankton (CCMP), Bigelow Laboratory for Ocean Sciences, U.S. Both strains were maintained in f͞2-Si medium (http:͞͞ccmp.bigelow.org͞CI͞CI01e.html) at 19°C under a 11-h͞13-h light͞dark cycle.
Total RNA Extraction, Reverse Transcription-PCR, and Rapid Amplification of cDNA Ends (RACE) for 5 and 3 cDNA Ends. Total RNA was extracted from 100 ml of culture of each strain during the middle of the light period with the StrataPrep Total RNA Miniprep kit (Stratagene). First-strand cDNA synthesis was carried out with Avian Enhanced Reverse Transcriptase (Sigma); products were purified with a QIAquick PCR purification kit (Qiagen, Chatsworth, CA). Partial psbO cDNA fragments were amplified by PCR with degenerate primers based on known sequences. Bands of the expected size were cloned into pCR2.1-TOPO cloning vector (Invitrogen) for sequencing. Both ends of each psbO cDNA sequence were amplified with the RACE technique. For 5Ј end RACE, first-strand cDNAs tailed with poly(A) at 3Ј ends, using terminal deoxynucleotidyl transferase (Promega), were used as templates. Full-length PsbO precursor sequences were obtained by making contigs of the sequences obtained from the PCR and RACE reactions with the GAP4 program in the Staden et al. (17) package and translating them with the universal genetic code.
Phylogenetic Analyses. PsbO protein sequences (21 taxa) used for phylogenetic analyses are listed in Table 1 . The characterization of Heterosigma akashiwo PsbO will be published elsewhere. For Porphyra yezoensis, four sequences were downloaded from the web site for the P. yezoensis expressed sequence tag (EST) project (ref. 18 ; http:͞͞www.kazusa.or.jp͞en͞plant͞porphyra͞ EST͞) and assembled into contigs. An alignment data set of the PsbO protein sequences was created and edited manually with MACCLADE 4 (19) ; phylogenetic analyses used 231 sites (86.2% of the mature protein sites).
Two distance matrices were created by TREE-PUZZLE 5.0 (20) with JTT (21) and WAG (22) amino acid substitution models with gamma correction (8 ϩ 1 categories). The estimated shape parameters (alpha) for gamma distribution in both models were 1.01 (JTT model) and 1.25 (WAG model). Neighbor-joining trees were constructed from both of the distance matrices with the NEIGHBOR program in the PHYLIP 3.572c package (23) with the -j (jumble) option. Fitch trees were constructed with the FITCH program with -j (jumble) and -g (global rearrangement) options. For bootstrap analyses, 100 data sets were created by the SEQBOOT program in the PHYLIP package. Distances for each data set were calculated with PUZZLEBOOT script (by M. Holder and A. Roger, available at http:͞͞www.tree-puzzle.de͞ #puzzleboot). The consensus bootstrap tree was obtained with the CONSENSE program of PHYLIP. For maximum likelihood tree analyses, two different programs were used: the PROML program in PHYLIP 3.6a2.1 (24) and the PROTML program in MOLPHY 2.3 (25) . Analysis with the PROML program was performed with the JTT amino acid substitution model with gamma correction (8 ϩ 1 categories). The parameters obtained from the tree-puzzle distance analysis (with the JTT model) were used for this gamma correction. For analysis with the PROTML program, a neighborjoining tree topology was obtained first with the PROTML (with -D option) and NJDIST programs in the MOLPHY package with the JTT-f substitution model. Based on this topology, a maximum likelihood tree was constructed with the PROTML with the RELL method (-R option) (26) .
A maximum parsimony tree analysis was performed with heuristic search strategy with random sequence addition (100 times) in the PAUP 4.0 package (27) . Gaps were treated as a 21st amino acid. This analysis gave five trees from which a majorityrule consensus tree was produced. A bootstrap analysis was also carried out with the same program and options.
Sequence Characterization. The cleavage sites for the endoplasmic reticulum (ER)-targeting domain and the thylakoid-targeting domain (TTD) were predicted by the SIGNAL P program (ref. 28 ; http:͞͞www.cbs.dtu.dk͞ser vices͞SignalP͞). The stromatargeting domain (STD) was predicted to be the region between the ER-and TTDs, taking into consideration the hydropathy plot, the few known cleavage sites for heterokont proteins (29) , and the results from the CHLOROP program (ref. 30 ; http:͞͞ www.cbs.dtu.dk͞services͞ChloroP).
Results

PsbO Precursor Sequences Obtained in This Study
. PsbO protein sequences of three Chl-c-containing algae, the haptophyte I. galbana and the dinoflagellates H. triquetra and K. brevis, were deduced from cDNA sequences obtained by reverse transcription-PCR and RACE. These are previously uncharacterized PsbO sequences reported from Chl-c-containing algae. In addition, an almost-complete red algal PsbO sequence was obtained by assembling contigs from the P. yezoensis expressed sequence tag database (18) . It gave two separate contigs that turned out to be the N-and C-terminal halves of the molecule. Judged by an alignment with other PsbO proteins, it seemed that one amino acid was missing between the two contigs, and the C-terminal end of the molecule was slightly truncated (data not shown). For all of the species except K. brevis, some of the 5Ј untranslated region was obtained, giving the entire N-terminal leader sequence (targeting sequence) of the precursor proteins. In the case of K. brevis, the alignment of the leader sequences ( Fig. 1) suggests that only a few amino acids are missing at the N terminus. In comparing the sequences of the mature proteins from I. galbana, H. triquetra, K. brevis, and P. yezoensis with the cyanobacterial and green line sequences (not shown), it was apparent that this protein is generally very conserved.
N-Terminal Leader Sequences of PsbO Precursors in Chl-c-Containing
Algae. The leader sequences of I. galbana, K. brevis, and H. triquetra PsbO precursors clearly consist of three domains: two hydrophobic domains and a variable-length domain between them (Fig. 1) . The second hydrophobic domains have the typical characteristics of a TTD: an Ala͞Leu-rich hydrophobic stretch of 15-19 amino acids (Fig. 1, underlined) preceded by a single positively charged amino acid (Fig. 1, bolded) and followed by the typical thylakoidal-processing motif AXA (31). Our prediction of the start of the mature protein, which is located in the thylakoid lumen, is based on sequence alignment and the presence of this TTD shared by all of the sequences (Fig. 1) . It has now been well established that precursors for nuclearencoded plastid proteins in algae that acquired their plastids secondarily from eukaryotic algal endosymbionts are synthesized and inserted into the rough ER as the first step of their journey into the plastid (32) (33) (34) . The first hydrophobic domains of the I. galbana and the H. triquetra leader sequences (21 and 20 amino acids, respectively) were predicted as eukaryotic signal sequences (ETD, ER-targeting domain) by the SIGNAL P program (28) . The first hydrophobic domain of the K. brevis leader sequence was not identified as an ETD by SIGNAL P, probably because some N-terminal residues are missing, but because the C-and S-scores were typical of signal sequences the first 16 amino acids were provisionally assigned to an ETD (Fig. 1) . The P. yezoensis PsbO precursor does not have an ETD, because the red algal chloroplast has only two envelope membranes like that of a green plant: its first 43 amino acids are therefore a transit peptide or STD (Fig. 1) .
The middle domain of the presequence should be an STD analogous to the transit peptides of higher plants. The STDs of Chl-c-containing algae are not well characterized and do not seem to be processed by higher plant-processing peptidases (ref. 29 and B. K. Chaal and B.R.G., unpublished data). Processing sites predicted by the CHLOROP program (30) , which is trained on green plant sequences, may therefore not be valid. However, for the K. brevis and the H. triquetra sequences, the CHLOROPpredicted processing sites agreed well with the start of their TTD prediction, and their STDs were therefore assigned as in Fig. 1 .
The H. akashiwo and I. galbana cleavage sites were tentatively assigned to follow a methionine in agreement with the limited data available for heterokont algal STD cleavage sites (29) . If these predictions are correct, the STDs of H. akashiwo (10 residues), I. galbana (about 9 residues), and K. brevis (about 11 residues) are very short, in agreement with the STDs of some nuclear-encoded heterokont proteins such as the fucoxanthin Chl-a͞c protein (32, 34) . In contrast, the predicted length of the H. triquetra STD is about 34 residues, closer in size to those of the red alga P. yezoensis and higher plants, which are usually more than 30 residues (35).
Phylogenetic Analysis of PsbO Sequences. Phylogenetic analyses of all PsbO protein sequences currently available (Table 1) were performed with three commonly used methods: maximum parsimony, distance, and maximum likelihood. For distance analyses, two amino acid substitution models, JTT (21) and WAG (22), were used, and rate variation among sites was corrected with gamma distribution. For the maximum likelihood analyses, the JTT model was used with or without the gamma correction, and local bootstrap probabilities were also estimated by the RELL method (26) for the tree with no gamma correction.
All PsbO protein trees gave nearly identical topologies ( Fig.  2A) . Three major clades, a cyanobacterial clade, a rhodophyte͞ Chl-c-containing algal clade (red-line clade), and a euglenophyte͞chlorophyte͞land plants clade (green line clade), were recognized in all trees. The red-line clade included sequences from the red alga P. yezoensis, the heterokont H. akashiwo, the haptophyte I. galbana, the peridinin-containing dinof lagellate H. triquetra, and the 19Ј-hexanoyloxy-fucoxanthin-containing dinof lagellate K. brevis. It was supported by very high bootstrap probabilities in all analyses (Fig. 2B) . Besides the phylogenetic trees, there is other supporting evidence that the H. triquetra branch is placed within the red-line clade. The H. triquetra sequence does not have an 8-aa deletion that is specific to the Chl-a͞b-containing organisms, making it unlikely that the plastid of H. triquetra originated from a green plastid, and it has a 2-aa insertion present in other sequences of the red-line clade (Fig. 3) , indicating that this plastid shares a common ancestor with other members of the red-line clade. Taken together, all of the evidence demonstrate that the peridinin-containing plastids of dinof lagellates originated from a red algal plastid, not from a green algal plastid or a cyanobacterium.
The second major point shown by our PsbO trees is that the 19Ј-hexanoyloxy-fucoxanthin-containing dinoflagellate K. brevis Table 1 . Hydrophobic domains are underlined and italicized. Bold K and R residues, positively charged Lys and Arg preceding the hydrophobic domains; bold A, Ala in the TTD AXA motif. Names of species in red-line clade are bolded. ETD, ER-targeting domain.
clustered with the haptophyte alga I. galbana with 100% bootstrap probability, rather than with the peridinin-containing dinoflagellate H. triquetra (Fig. 2 A) . The presence of two insertions͞deletions that are shared only by K. brevis and I. galbana (highlighted in Fig. 3) supports this relationship. The primer pairs used to PCR the Heterocapsa psbO sequence did not give any product with Karenia cDNA and vice versa. It is still possible that Karenia retains a copy of the original peridinien dinoflagellate psbO gene, but the lack of a product suggests that its sequence would have diverged, as would be expected for a nonfunctional or pseudogene.
Discussion
Replacement of a Nuclear-Encoded Chloroplast Protein Gene Along with a Tertiary Endosymbiotic Plastid Acquisition. Our PsbO trees show conclusively that the nuclear-encoded PsbO sequence of the 19Ј-hexanoyloxy-fucoxanthin-containing dinoflagellate K. brevis is much more closely related to that of the haptophyte I. galbana than it is to that of the peridinin-containing dinoflagellate H. triquetra. This finding confirms the haptophyte origin of the 19Ј-hexanoyloxy-fucoxanthin-type plastids suggested on the basis of pigment content (2) and the phylogenetic analyses of two plastid-encoded molecules (6, 8, 9) . That these dinoflagellates once had peridinin-type plastids was suggested by nuclearencoded small-and large-subunit rRNA gene trees, in which the 19Ј-hexanoyloxy-fucoxanthin-containing dinof lagellates were placed within the peridinin-containing dinoflagellate clade (6, 7, 11, 36) . We therefore conclude that the peridinin-type plastid was replaced by a haptophyte plastid by means of a tertiary endosymbiosis in the ancestor of the 19Ј-hexanoyloxyfucoxanthin-containing dinoflagellates (Fig. 4) .
To our knowledge, this is the first example of the replacement of a host nuclear gene with a gene originating in the nucleus of a tertiary endosymbiont. It has been argued that dinoflagellates can easily integrate tertiary plastids, because the preexisting genes for plastid-targeted proteins can be recycled to facilitate their integration into the cell (6). However, this is not the case for the psbO gene of K. brevis, because the original psbO gene for the peridinin-type plastid was superseded by the haptophyte gene instead of being recycled for the new plastid during the tertiary symbiogenesis (Fig. 4) . This observation suggests that the systems for expressing the psbO gene and targeting its product from the cytoplasm to the new plastid were newly established during the plastid-replacement event. It will not be clear whether the relationship between the host and the new endosymbiont was completely rebuilt until origins of other genes for plastid-targeted proteins in these dinoflagellates are investigated. One possible explanation for why the psbO gene was replaced would be that the loss of the peridinin-type plastid occurred long before the host cell acquired the haptophyte endosymbiont, so that the preexisting psbO gene was no longer functional. Another possibility would be that the mechanism for targeting proteins into the peridinin-type plastids did not function for the new endosymbiont; therefore, the host cell had to give up the preexisting psbO gene.
Origin of the Standard Peridinin-Type Plastid. One of the major unsolved problems in algal evolution is the origin of the typical peridinin-type dinoflagellate plastid. When molecules that are normally encoded by plastid genomes were used for tree construction, the positions of dinoflagellate sequences were obscured by their very long branches (37) (38) (39) , even when a tree was constructed from a concatenated data set of nine different plastid proteins (38) . A further complication is that in at least some of the peridinin-containing dinoflagellates, genes for the plastid proteins and rRNAs are encoded by single-gene minicircular chromosomes, which may be subjected to different evolutionary pressures (38, 39) .
Detailed phylogenetic analysis has been carried out on two nuclear-encoded, plastid-targeted proteins of peridinin-containing dinof lagellates: glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (40) and the large subunit of rubisco (41, 42) . However, neither of them was directly derived from the original plastid (the primary cyanobacterial endosymbiont): GAPDH is from a duplicated cytoplasmic (gapC-type) counterpart (40) and the large subunit of rubisco is from an anaerobic bacterial form-II rubisco (41, 42) . In contrast, PsbO did originate from the cyanobacterial ancestor of all plastids. In our PsbO tree, the peridinin-containing dinoflagellate branch (H. triquetra) is not particularly long and shows conclusively that this type of plastid originated from a red alga by means of a secondary endosymbiosis. This is direct phylogenetic evidence of the red algal origin of the peridinin-type dinoflagellate plastids. psbO-R, psbO-P, and psbO-H indicate the psbO genes of the red algal secondary endosymbiont, the peridinin-containing dinoflagellate, and the haptophyte tertiary endosymbiont, respectively.
